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In this paper, we propose a new method to obtain the depletion factor γ(z), the ratio by which
the measured baryon fraction in galaxy clusters is depleted with respect to the universal mean. We
use exclusively galaxy cluster data, namely, X-ray gas mass fraction (fgas) and angular diameter
distance measurements from Sunyaev-Zel’dovich effect plus X-ray observations. The galaxy clusters
are the same in both data set and the non-isothermal spherical double β-model was used to describe
their electron density and temperature profiles. In order to compare our results with those from
recent cosmological hydrodynamical simulations, we suppose a possible time evolution for γ(z), such
as, γ(z) = γ0(1 + γ1z). As main conclusions we found that: the γ0 value is in full agreement with
the simulations. On the other hand, although the γ1 value found in our analysis is compatible
with γ1 = 0 within 2σ c.l., our results show a non-negligible time evolution for the depletion factor,
unlike the results of the simulations. However, we also put constraints on γ(z) by using the fgas
measurements and angular diameter distances obtained from the flat ΛCDM model (Planck results)
and from a sample of galaxy clusters described by a elliptical profile. For these cases no significant
time evolution for γ(z) was found. Then, if a constant depletion factor is an inherent characteristic
of these structures, our results show that the spherical double β-model used to describe the galaxy
clusters considered does not affect the quality of their fgas measurements.
PACS numbers:
I. INTRODUCTION
The galaxy clusters are the largest gravitationally
bound structures in the Universe and their observations
are powerful tools to probe the evolution of the Universe
at redshifts z < 2. For instance, the evolution of their
X-Ray temperature and luminosity functions can be used
to limit the matter density, ΩM , and the normalization of
the density fluctuation power spectrum, σ8 (Henry 2000;
Ikebe et al. 2002; Mantz et a. 2014). It is expected
that the abundance of galaxy clusters as a function of
mass and redshift imposes restrictive limits on dark en-
ergy models (Albrecht et al. 2006; Basilakos, Plionis &
Lima 2010; Chandrachani Devi & Alcaniz, 2014). Multi-
ple image systems behind galaxy clusters can also be used
to estimate cosmological parameters via strong gravita-
tional lensing (Lubini et al. 2013). The combination of
the X-ray emission of the intra-cluster medium with the
Sunyaev- Zel’dovich effect (Sunyaev-Zeldovich 1972) pro-
vides angular diameter distances, DA, of galaxy clusters
(Reese et al. 2002; De Filippis et al. 2005; Bonamente
et al. 2006), and, consequently, a Hubble diagram (see
details in Allen, Evrard & Mantz 2011; Huterer & Shafer
2017; Czerny et al. 2018).
Particularly, if one assumes that the X-ray gas mass
fraction, fgas, of hot, massive and relaxed galaxy clusters
does not evolve with redshift, it can be used to constrain
cosmological parameters (Sasaki 1996; Pen 1997; Ettori
∗Electronic address: holandarfl@gmail.com
et al. 2003, 2004, 2006, 2009; Allen et al. 2002, 2004,
2008; Gonc¸alves et al. 2012; Mantz et al. 2008; Mantz et
al. 2014). This assumption rises due to galaxy clusters
are relatively well isolated systems and the largest gravi-
tationally bound structures in the Universe. Moreover, in
the absence of dissipation, the ratio of baryonic-to-total
in clusters should closely match the ratio of the cosmo-
logical parameters measured from the cosmic microwave
background. So, in this kind of test, knowing the gas con-
tent in galaxy clusters and whether it evolves with red-
shift is a key ingredient. At this point, it is worth to com-
ment that Lagana et al. (2013) investigated the baryon
distribution in groups and clusters, more precisely, 123
systems in redshift range 0.02 < z < 1. They found
that the gas mass fraction does not depend on the total
mass for systems more massive than 1014 solar masses.
Moreover, only a slight dependence of gas mass fraction
measurements with redshift for r2500
1 was obtained (see
their fig. 6).
In order to quantify the gas content and its possi-
ble time evolution, hydrodynamic simulations have been
used to calibrate the baryon depletion factor, γ(z), the
ratio by which the baryon fraction of galaxy clusters is de-
pleted with respect to the universal mean of baryon frac-
tion2 (see Evrard 1997; Metzler and Evrard 1994; Bialek
1 This radii is that one within which the mean cluster density is
2500 times the critical density of the Universe at the cluster’s
redshift.
2 These hydrodynamic simulations consider the flat ΛCDM, with
2et al. 2001; Muanwong et al. 2002; Ettori et al. 2006;
Sembolini et al. 2013; Young et al. 2011; Battaglia et al.
2013; Planelles et al. 2013). By considering a possible
time evolution for γ(z), such as γ(z) = γ0(1 + γ1z), and
different physical processes in clusters, Planelles et al.
(2013) and Battaglia et al. (2013) showed that hot, mas-
sive galaxy clusters (M500 > 10
14 solar masses) and dy-
namically relaxed have the following values: 0.55 ≤ γ0 ≤
0.79 and −0.04 ≤ γ1 ≤ 0.07, depending on the physical
processes that are included in simulations (see Table 3 in
Planelles et al. 2013). For γ0 and γ1 in nonradiative hy-
drodynamic simulations, allowed ranges of variation can
be taken to be 0.75 ≤ γ0 ≤ 0.87 and −0.04 ≤ γ1 ≤ 0.07,
respectively. Then, these authors did not find signifi-
cant dependence of the γ(z) on galaxy cluster redshift.
In their measurements these authors considered fgas as
a cumulative quantity into r2500. However, the models
describing the physics of intra-cluster medium used in
hydrodynamic simulations may not span the entire range
of physical process allowed by our current understanding.
An interesting discrepancy between the observations and
the results of the simulations occurs, for instance, with
the fraction of stars. By comparing their results from ra-
diative simulations for stellar fraction in massive galaxy
clusters with observations, Planelles et al. (2013) found
a larger stellar fraction in massive galaxy clusters, in-
dependent of the observational data used in comparison
(details can be found in Fig.2 of their paper).
More recently, Holanda et al. (2017), by assuming
the cosmic distance duality relation validity, DLD
−1
A (1+
z)−2 = 1 (Etherington 1933; Ellis 2007), combined X-
ray gas mass fraction measurements in galaxy clusters
with luminosity distances, DL, of type Ia supernovae,
priors on Ωb and ΩM from Planck results and recon-
structed, via Gaussian processes, the baryon depletion
factor up to redshift one3. No specific cosmological
model was used to obtain distances to galaxy clusters
in their methodology. As result, no observational evi-
dence for a time evolution of the baryon depletion factor
was found. The galaxy cluster sample used by these au-
thors was that compiled by Mantz et al. (2014), where
the gas mass fractions of galaxy clusters were taken on
a (0.8 − 1.2) ×r2500 shell rather than integrated at all
radii r ≤ r2500. In this case, the hydrodynamical sim-
ulations of Planelles et al. (2013) showed that the γ0
value presents only a slight dependence on physical pro-
cesses and γ0 was constrained to be γ0 = 0.85 ± 0.08
(see Fig.6 in Planelles et al. 2013). It is important to
comment that such approach, where a global argument
ΩM = 0.24 for the matter density parameter, Ωb = 0.04 for the
contribution of baryons, H0 = 72 km/s/Mpc for the present-day
Hubble constant, ns = 0.96 for the primordial spectral index and
σ8 = 0.8 for the normalization of the power spectrum.
3 An interesting test for the cosmic distance duality relation valid-
ity by using exclusively gas mass fraction data can be found in
Holanda, Gonc¸alves & Alcaniz 2012.
(the cosmic distance duality relation validity) is used to
obtain local properties of astronomical structures, also
was considered very recently in strong gravitational lens-
ing observations (Holanda, Pereira & Deepak 2017) and
to infer the elongation of the gas distribution in galaxy
clusters (Holanda & Alcaniz 2017).
In this paper, we put observational constraints on the
baryon depletion factor in galaxy clusters and its pos-
sible time evolution by using exclusively galaxy clus-
ter data. The analyses are performed by using two
kind of data set from the same galaxy clusters: fgas
and angular diameter distance, DA. The fgas sample
corresponds to 38 data from La Roque et al. (2006).
The angular diameter distances to these galaxy clusters
were obtained through their X-ray surface brightness and
Sunyaev-Zel’dovich effect observations by Bonamente et
al. (2006). In both data set the galaxy clusters were
described by the same electron density and temperature
profiles: the non-isothermal spherical double β-model. In
this way, our method to obtain the depletion factor uses
the same galaxy clusters, described by the same density
and temperature profiles and two kind of observations,
where one of them, the fgas measurement, depends on
the γ(z) value and the other does not. A possible time
evolution of the gas mass fraction is explored by taking
γ(z) = γ0(1 + γ1z), where γ0 and γ1 parametrize the
normalization and the time evolution of this quantity,
respectively. We obtain an excellent agreement between
our γ0 observational value and the simulations, however,
a non negligible time evolution is verified, which does not
occur in simulations. However, when we consider angular
diameter distances from the flat ΛCDM model (Ade et
al. 2015), we obtain γ0 and γ1 values in full agreement
with cosmological hydrodynamical simulations. These
conclusions are also found when we obtain the angular di-
ameter distances for the galaxy clusters in the La Roque
et al. (2006) sample from an angular diameter distance
sample of galaxy clusters described by an elliptical profile
(De Filippis et al. 2005). Then, our results show that the
non-isothermal double β-model does not affect the qual-
ity of the gas mass fraction measurements of the galaxy
clusters considered, but it affects their angular diameter
distances.
The paper is organized as follows. In Section II, we
describe the observational quantities. In section III, we
discuss the non-isothermal double β-model considered in
analyses. In Section IV we describe the method to obtain
γ(z). The two galaxy clusters data set are described in
Section V. In section VI, we perform the analyses and
present the results. In section VII we discuss our results.
Finally, the conclusions are given in section VIII.
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Figure 1: Fig.(a) shows the 38 gas mass fractions of galaxy clusters as compiled by La Roque et al.(2006). Fig.(b) shows the
38 angular diameter distances of the same galaxy clusters of fig.(a) as compiled by Bonamente et al. (2006). Fig.(c) shows the
25 angular diameter distances of galaxy clusters from the De Filippis et al. (2005) sample.
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Figure 2: Constraints on possible γ(z) evolution, such as: γ(z) = γ0(1 + γ1z) by using fgas measurements and DA from
Bonamente et al. (2006). Fig.(a) shows the plane for (γ0, γ1). Figs. (b) and (c) show the likelihoods for γ0 and γ1, respectively,
by using the complete samples (solid line) and 29 data points of each sample (dashed line). Fig.(d) shows the evolution for
γ(z) by using the 1σ results from figs.(b) and (c). The dashed are correspond to results from hydrodynamical simulations.
II. ANGULAR DIAMETER DISTANCE AND
GAS MASS FRACTION MEASUREMENTS
A. Angular diameter distance via SZE and X-ray
As it is known, since some information about the elec-
tron density and temperature profiles of the hot intra-
cluster gas of the galaxy clusters be known, it is possi-
ble to obtain their angular diameter distances by com-
bining the X-ray surface brightness measurements with
the temperature decrements in the cosmic microwave
background spectrum due to thermal Sunyaev-Zel’dovich
effect (SZE) (Sunyaev & Zel’dovich 1972; Carlstrom,
Holder & Reese 2002). Let us to discuss briefly the
SZE/X-ray technique of determining angular diameter
distances of galaxy clusters.
The equation to SZE is (La Roque et al. 2006)
∆T0
TCMB
= f(ν, Te)
σTkB
mec2
∫
l.o.s.
neTedl, (1)
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Figure 3: Constraints on possible γ(z) evolution, such as: γ(z) = γ0(1 + γ1z) by using fgas measurements and DA from De
Filippis et al. (2005). Fig.(a) shows the plane for (γ0, γ1). Figs. (b) and (c) show the likelihoods for γ0 and γ1, respectively, by
using the complete samples (solid line) and 29 data points of each sample (dashed line). Fig.(d) shows the evolution for γ(z)
by using the 1σ results from figs.(b) and (c). The dashed are correspond to results from hydrodynamical simulations.
where Te is the electronic temperature, ∆T0 is the cen-
tral thermodynamic SZE temperature decrement, ne is
the electronic density of the intra-cluster medium, kB the
Boltzmann constant, T0 = 2.728K is the temperature of
the cosmic microwave background (CMB), me the elec-
tron mass and f(ν, Te) accounts for frequency shift and
relativistic corrections (Itoh, Kohyama & Nozawa 1998;
Nozawa, Itoh & Kohyama 1998).
On the other hand, the X-ray emission in galaxy clus-
ters is due to thermal bremsstrahlung and, by consid-
ering the intra-cluster medium constituted by hydrogen
and helium, the X-ray surface brightness can be given by
Sx =
1
4π(1 + z)4
∫
n2eΛeH dℓ (2)
where the integral is along the line of sight and ΛeH is the
X-ray cooling function, proportional to T
1/2
e (gas temper-
ature) (Sarazin 1988).
Then, by assuming the classical isothermal β-model for
the electron density of the hot intra-cluster gas (Cavaliere
& Fusco-Fermiano 1978)
ne(r) = n0
[
1 +
(
r
rc
)2]−3β/2
, (3)
one can solve equations (1) and (2) for the angular diam-
eter distance:
DA(z) =
[
∆T0
2
SX0
(
mec
2
kBTe
)2
g (β)
g(β/2)2 θc
]
×
×
[
Λe
4π3/2f(ν, Te)2 (T0)
2
σT2 (1 + z)4
]
, (4)
with
g(α) ≡
Γ [3α− 1/2]
Γ [3α]
, (5)
where Sx0 is the central surface brightness, β determines
the slope at large radii, rc is the core radii (θc = rc/DA)
and Γ(α) is the gamma function and z is the galaxy clus-
ter redshift. This technique for measuring distances is
completely independent of other methods and it can be
used to measure distances at high redshifts directly.
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Figure 4: Constraints on possible γ(z) evolution, such as: γ(z) = γ0(1+ γ1z) by using fgas measurements and DA from Planck
results. Fig.(a) shows the plane for (γ0, γ1). Figs.(b) and (c) show the likelihoods for γ0 and γ1, respectively, by using the
complete samples (solid line) and 29 data points of each sample (dashed line). Fig.(d) shows the evolution for γ(z) by using
the 1σ results from figs.(b) and (c). The dashed are correspond to results from hydrodynamical simulations.
B. X-ray gas mass fraction
The gas mass fraction in galaxy clusters is defined as
fgas =Mgas/MTot, where Mgas is the gas mass obtained
by integrating a electron density profile and MTot is the
total mass obtained via hydrostatic equilibrium assump-
tion. Then, under this assumption and isothermality,
MTot and Mgas are given by (Sasaki 1996; Grego et al.
2001; La Roque et al. 2006)
MTot(r) =
3βkTeDA
Gµmp
θ3
θ2c + θ
2
, (6)
and
Mgas(r) = ς
∫ r/DA
0
(
1 +
θ2
θ2c
)−3β/2
θ2dθ, (7)
where here was considered the profile (3), ς =
4πµene0mpD
3
A, µe and mp are the mean molecular
weight of the electrons and the proton mass, respectively.
Then, if a given cosmological model is assumed for an-
gular diameter distance (DA), the model central electron
density, ne0, can be analytically obtained from equations
(2) and (3) (La Roque et al. 2006)
nX−raye0 =
(
Sx0 4π(1 + z)
4 Γ(3β)
ΛeHDAπ1/2 Γ(3β −
1
2
) θc
)1/2
. (8)
So, it is possible to obtain the well-known relation
fX−ray ∝ DA
3/2. As one may see, the fgas measure-
ments are dependent on the cosmological model adopted
in observations.
III. THE NON-ISOTHERMAL DOUBLE
β-MODEL
Through decades, the isothermal β-model was used
in the analysis of X-ray and Sunyaev-Zel’dovich effect
galaxy cluster images (Cavaliere & Fusco-Femiano 1976,
1978; Jones & Forman 1984; Elbaz et al. 1995; Grego et
al. 2001; Reese et al. 2002; Ettori et al. 2004). However,
this profile fails to provide a good description of the X-ray
surface brightness observed in some galaxy cluster cores,
more precisely, in highly relaxed clusters with sharply
peaked central X-ray emission: the cool core galaxy clus-
ters. Actually, cool core clusters effectively exhibit two
components: a centrally concentrated gas peak and a
6broad, shallower distribution of the gas. In this way, a
double β-model of the surface brightness was first used
by Mohr et al. (1999) and further developed by La Roque
et al. (2006). In this case, the 3-D density profile of the
non-isothermal spherical double-β model is expressed by,
ne(r) = ne0
[
f
(
1 +
r2
rc1
2
)−3β/2
+ (1− f)
(
1 +
r2
rc2
2
)−3β/2]
(9)
where the narrow, peaked central density component and
the broad, shallow outer density profile, respectively, are
described by the two core radii, rc1 and rc2 . The frac-
tional contribution of the narrow, peaked component to
the central density is given by the factor f . If f = 0 the
isothermal β-model is recovered (Eq.3). Here, in order to
reduce the total number of degrees of freedom, the same
β is used for both the central and outer distributions.
By assuming the hydrostatic equilibrium () and spher-
ical one obtains
dP
dr
= −ρg
dφ
dr
, (10)
where P , ρg and φ = −GM(r)/r are the gas pressure,
gas density and the gravitational potential due to dark
matter and the plasma. By considering the ideal gas
equation of state for the diffuse intra-cluster plasma, P =
ρgkBT/µ mp, where µ is the total mean molecular weight
and mp is the proton mass, a relationship between the
cluster temperature and its mass distribution can be find,
dT
dr
= −
(
µmp
kB
dφ
dr
+
T
ρg
dρg
dr
)
,
= −
(
µmp
kB
GM
r2
+
T
ρg
dρg
dr
)
. (11)
Moreover, Bonamente et al. (2006) and La Roque et al.
(2006) combined hydrostatic equilibrium equations with
a dark matter density distribution from Navarro, Frank
and White (1997),
ρDM(r) = N
[
1
(r/rs)(1 + r/rs)2
]
, (12)
where N is a density normalization constant and rs is
a scale radius. these authors obtained the free param-
eters of these equations (ne0, f , rc1, rc2, β, N and rs)
for 38 galaxy clusters by calculating a joint likelihood of
the X-ray and SZE data by using a Markov chain Monte
Carlo method proposed by Bonamente et al. (2004). The
galaxy clusters are the same in both sample. As one
may see, the cluster plasma and dark matter distribu-
tions were analyzed by assuming spherical symmetry and
hydrostatic equilibrium model, thereby accounting for ra-
dial variations in density, temperature and abundance.
The exact values of the angular diameter distances and
gas mass fractions used in our analysis can be found on
the Table 2 of Bonamente et al. (2006) and Table 5 of
La Roque et al. (2006), respectively (see section V for
details).
IV. METHOD
The gas mass fraction in galaxy clusters can be linked
to cosmic baryon fraction and used as a cosmological tool
via the following equation (Sasaki 1996; Allen et al. 2008;
Mantz et al. 2014):
fgas (z)
= A(z)K(z) γ(z)
(
Ωb
ΩM
)[
DrefA (z)
DA(z)
]3/2
, (13)
where Ωb is the baryon density parameter, the K(z) pa-
rameter quantifies inaccuracies in instrument calibration,
as well as any bias in measured masses due to substruc-
ture, bulk motions and/or non-thermal pressure in the
cluster gas. Recently, Apllegate et al. (2016) calibrated
Chandra hydrostatic masses to relaxed clusters with ac-
curate weak lensing measurements from the Weighing the
Giants project. The K(z) parameter was obtained to be
K = 0.96±0.09 and no significant trends with mass, red-
shift or the morphological indicators was verified. The
ratio into brackets computes the expected variation in
fgas when the underlying cosmology is varied. The index
”‘ref”’ corresponds to fiducial cosmological model used to
obtain the fgas. The term D
ref
A removes all the depen-
dence of the gas mass fraction with respect to the refer-
ence cosmological model used in the observations. γ(z) is
the quantity of our interest: the baryon depletion factor.
There is yet a A(z) factor, corresponding to angular cor-
rection factor, which is close to unity for all cosmologies
and redshifts of interest and it can be neglected without
significant loss of accuracy for most work. In this way,
from Eq.(13) one obtains:
γ(z) =
fgas
K(Ωb/ΩM )
(
DA
DrefA
)3/2
. (14)
In order to perform our analyses, we use Planck priors
on Ωb and ΩM (see table I). Unlike Holanda and co-
workers (2017), which used the cosmic distance duality
relation validity and replaced the DA quantity by DL of
SNe Ia, the DA quantity for each galaxy cluster used in
our analyses was obtained from the Sunyaev-Zel’dovich
and X-ray observations and compiled by Bonamente et
al. (2006). The DrefA from fiducial model is obtained by
using the standard equation for the flat ΛCDM model:
DrefA =
cH−10
(1 + z)
∫ z
0
dz′√
ΩM (1 + z′)3 + (1− ΩM )
Mpc ,
(15)
where c is the speed of light. In the fiducial model: H0 =
70km/s/Mpc and ΩM = 0.3.
7Table I: A summary of the priors used in this paper (h =
H0/100) (Ade et al. 2015).
H0 (km/s/Mpc) Ωbh
2 ΩM
Planck 67.74 ± 0.46 0.02230 ± 0.00014 0.3089 ± 0.0062
V. SAMPLES
The samples used in our analyses are:
• 38 fgas measurements in redshift range 0.14 ≤ z ≤
0.89 from La Roque et al. (2006). All galaxy clus-
ters in this sample have total mass higher than 1014
solar masses and TX ≥ 5keV (hot galaxy clusters).
These measurements were derived from Chandra
X-ray data and OVRO/BIMA interferometric SZE
measurements. As commented earlier, the gas den-
sity was modeled by a non-isothermal double β-
model, which generalizes the single β-model profile.
A motivation for considering this model is to assess
the biases arising from the isothermal assumption
and the effects of the cool cores presence. More-
over, the clusters were analyzed by assuming the
hydrostatic equilibrium model with the dark mat-
ter density distribution profile given by Navarro,
Frenk & White (1996), spherical symmetry with
radial variations in density, temperature and abun-
dance being considered. The fgas measurements
were obtained within r2500 (see Fig.1a).
• 38DA from the same galaxy clusters of La Roque et
al. (2006). These measurements were compiled by
Bonamente et al. (2006) by using Chandra X-ray
data and OVRO/BIMA interferometric SZE mea-
surements. The assumptions on the temperature,
gas and dark matter profiles are the same adopted
by La Roque et al. (2006). It is very important to
comment that the SZE/X-ray technique for mea-
suring distances is completely independent of γ pa-
rameter (see Fig.1b).
• 25 DA obtained via Sunyaev-Zeldovich effect + X-
ray surface brightness observations from a sample
compiled by De Filippis et al. (2005) which con-
tains galaxy clusters in the redshift range 0.023 ≤
z ≤ 0.784 (see Fig.1c). De Fillipis et al. (2005) used
an isothermal elliptical 2-dimensional β-model to
describe the galaxy clusters. As discussed by these
authors, the choice of circular rather than elliptical
model affects significantly the values to core radius
(θc) and, consequently, to the DA, since DA ∝ θ
−1
c .
The exact values of the angular diameter distances
used in our analysis can be found on the Table 3 of
De Filippis et al. (2006).
However, the galaxy clusters in the La Roque et al.
(2006) and De Filippis et al. (2005) samples not
are in identical redshifts. As it is necessary galaxy
clusters on the same redshift, we fit the angular di-
ameter distances from De Fillipis et al. (2005) data
with a second degree polynomial fit, DA(z) = Az+
Bz2, where (in Mpc), A = 3725.33107± 350.22694,
B = −2444.71723 ± 1026.93663 and cov(A,B) =
−312713.0836, with χ2red = 1.1. In this case, when
a third degree polynomial fit is performed, the ad-
ditional term is compatible with zero. The 1σ error
from polynomial fits is given by:
σ2 =
(
∂DcA
∂A
)2
σ2A +
(
∂DcA
∂B
)2
σ2B (16)
+2
(
∂DcA
∂A
∂DcA
∂B
)
cov(A,B).
VI. ANALYSES AND RESULTS
Our statistical analyses is performed by defining the
likelihood distribution function L ∝ e−χ
2/2, with
χ2 =
38∑
i=1
(γ(z)− γobs(z))
2
σ2i,obs
, (17)
where γ(z) = γ0(1 + γ1z) is the quantity of our in-
terest, with γ0 being the normalization factor and γ1
parametrize a possible time evolution with z. The
quantity γobs(z) is given by Eq.(14) by using the samples
of section V, the priors of Table I and the Eq.(15).The
σ2i,obs stands for the statistical errors of K, Ωb, ΩM , DA
and fgas. The common statistical contributions to fgas
are: SZE point sources ±4%, kinetic SZ ±8%, ±20% and
±10% for cluster asphericity to fX−raygas . The common sta-
tistical error contributions for DA are: SZE point sources
±8%, X-ray background ±2%, Galactic NH ±1%, ±15%
for cluster asphericity, ±8% kinetic SZ and for CMBR
anisotropy ±2%.
The asymmetric error bars present in La Roque et al.
(2006) and Bonamente et al. (2006) papers were treated
as discussed in D’Agostini (2004) , i. e., fgas = f˜gas +
∆+−∆−, with σfgas = (∆++∆−)/2, where f˜gas stands
for the La Roque et al. (2006) measurements and ∆+
and ∆− are, respectively, the associated upper and lower
errors bars. The same treatment was performed on the
DA data.
A. Results by using fgas and DA from Bonamente
et al. (2006)
Our statistical results are plotted in fig.(2). Fig.(2a)
shows the regions for 1σ (∆χ2 = 2.30) and 2σ (∆χ2 =
6.17) on the (γ0, γ1) plane for two free parameters. For
this case, we obtain at 1σ: γ0 = 0.76 ± 0.14 and
8γ1 = −0.42
+0.42
−0.40. Fig.(2b) shows the likelihood for γ0
by marginalizing on γ1 and Fig.(2c) shows the likeli-
hood for γ1 by marginalizing on γ0. We obtain at 1σ
(∆χ2 = 1): γ0 = 0.76 ± 0.10 and γ1 = −0.42
+0.32
−0.30.
In these two last panels, the 2σ interval corresponds to
(∆χ2 = 4.0).The dashed areas show the results from sim-
ulations: γ0 = 0.81±0.06 and 0.02 ≤ γ1 ≤ 0.07 (Planelles
et al. 2013). As one may see, the γ0 value is in full agree-
ment with cosmological hydrodynamical simulations. On
the other hand, our γ1 value is significantly negative,
which indicates a time evolution of the gas fraction. Fi-
nally, Fig.(2d) shows the γ(z) evolution (obtained by us-
ing the 1σ results from Figs.2b and 2c) and the results
from hydrodynamical simulations (dashed area). As one
may see, the γ(z) function shows a not negligible time
evolution for gas mass fraction in galaxy clusters.
However, some galaxy clusters present questionable re-
duced χ2 (2.43 ≤ χ2d.o.f. ≤ 41.62) when described by
the non-isothermal double β model (see Table 6 in Ref.
Bonamente et al. 2006). They are: Abell 665, ZW 3146,
RX J1347.5-1145, MS 1358.4 + 6245, Abell 1835, MACS
J1423+2404, Abell 1914, Abell 2163, Abell 2204. We
excluded these clusters and the results are plotted in
Figs.(2b) and (2c) as dashed lines. As one may see, even
after excluding these data, the results still show a non-
negligible time evolution for γ(z).
These results are in conflict with those from Holanda
et al. (2017), where a constant γ(z) was obtained by
using 40 X-ray emitting gas mass fraction measurements
and luminosity distance measurements from SNe Ia. In
their analyses, the galaxy clusters were described under
the assumptions of spherical symmetry and hydrostatic
equilibrium, but without considering the non-isothermal
double β-model. Moreover, the fgas measurements were
taken on a (0.8− 1.2) ×r2500 shell rather than integrated
at all radii r ≤ r2500. In this way, these results show
either a strong tension between the non-isothermal dou-
ble β-model and a constant γ(z) function or really they
indicate a time evolution for γ(z).
B. Results by using fgas and DA from De Filippis
et al. (2005)
For this case, our statistical results are plotted in
fig.(3). Fig.(3a) shows the regions for 1σ (∆χ2 = 2.30)
and 2σ (∆χ2 = 6.17) on the (γ0, γ1) plane for two free pa-
rameters. For this case, we obtain at 1σ: γ0 = 0.72±0.01
and γ1 = 0.16 ± 0.36. Fig.(2b) shows the likelihood for
γ0 by marginalizing on γ1 and Fig.(2c) shows the like-
lihood for γ1 by marginalizing on γ0. We obtain at 1σ
(∆χ2 = 1): γ0 = 0.72 ± 0.08 and γ1 = 0.16
pm0.34.
In these two last panels, the 2σ interval corresponds to
(∆χ2 = 4.0). The dashed areas show the results from
simulations: γ0 = 0.81 ± 0.06 and 0.02 ≤ γ1 ≤ 0.07
(Planelles et al. 2013). As one may see, the γ0 value
is in full agreement with cosmological hydrodynamical
simulations. Finally, Fig.(3d) shows the γ(z) evolution
(obtained by using the 1σ results from Figs.3b and 3c)
and the results from hydrodynamical simulations (dashed
area). As one may see for this case, the observational
results are in full agreement with cosmological hydrody-
namical simulations.
C. Results by using fgas and DA from a flat ΛCDM
model from the Planck results
We also perform our method by using the 38 gas mass
fraction measurements and angular diameter distances
from the flat ΛCDM model constrained by the current
CMB observations (Ade et al. 2015). In this case, the
angular diameter distance for each galaxy cluster is given
by Eq.(13) with H0 and ΩM as in Table I.
Our statistical results are plotted in fig.(4). Fig.(4a)
shows the regions for 1σ (∆χ2 = 2.30) and 2σ (∆χ2 =
6.17) on the (γ0, γ1) plane for two free parameters. For
this case, we obtain at 1σ: γ0 = 0.84 ± 0.07 and
γ1 = −0.02±0.14. Fig.(4b) shows the likelihood for γ0 by
marginalizing on γ1 and Fig.(4c) shows the likelihood for
γ1 by marginalizing on γ0. We obtain at 1σ (∆χ
2 = 1):
γ0 = 0.84 ± 0.05 and γ1 = −0.02 ± 0.11. The dashed
areas show the results from simulations: γ0 = 0.81±0.06
and 0.02 ≤ γ1 ≤ 0.07 (Planelles et al. 2013). Finally,
Fig.(4d) shows the γ(z) evolution (obtained by using the
1σ results from Figs.3b and 3c) and the results from hy-
drodynamical simulations (dashed area). As one may see
for this case, the γ(z) function shows a negligible time
evolution for gas mass fraction in galaxy clusters and the
γ0 and γ1 values are in full agreement with cosmological
hydrodynamical simulations.
VII. DISCUSSION
As commented earlier, we find a non-negligible time
evolution to γ(z) when the DA for the galaxy clusters in
the La Roque et al. (2006) sample are those obtained
by Bonamente et al. (2006). This fact may be due to
spherical assumption used by these authors to describe
the galaxy clusters and measure theirDA via SZE plus X-
ray observations. The importance of the intrinsic geome-
try of the cluster has been emphasized by many authors
(Fox & Pen 2002; Jing & Suto 2002; Plionis, Basilakos &
Ragone-Figueroa 2006; Sereno et al. 2006) and the stan-
dard spherical geometry has been severely questioned,
since Chandra observations have shown that clusters usu-
ally exhibit an elliptical surface brightness. Moreover, by
using DA of galaxy cluster samples, Holanda, Lima &
Ribeiro (2010,2011) and Meng et al. (2012) showed that
that the ellipsoidal model is a better geometrical hypoth-
esis describing the structure of the galaxy cluster com-
pared with the spherical model if the cosmic distance du-
ality relation, DL = DA(1 + z)
2, is valid in cosmological
observations. As discussed by De Filippis et al. (2005),
the choice of circular rather than elliptical model affects
9significantly the values for core radius (θc) and, conse-
quently, the angular diameter distance, since DA α θ
−1
c
(see also Holanda & Alcaniz 2015 for a study about the
elongation of the gas distribution of galaxy clusters based
on measurements of the cosmic expansion rate, luminos-
ity distance to type Ia supernovae and angular diameter
distances of galaxy clusters).
On the other hand, our results for γ(z) by consider-
ing angular diameter distances for the galaxy clusters in
the La Roque et al. (2006) sample from Planck results
(Ade et al. 2015) and from a sample of galaxy clusters
described by an elliptical profile (De Filippis et al. 2005)
show that the non-isothermal double β-model does not
affect the quality of gas mass fraction measurements in
La Roque et al. sample (2006) if one considers that a con-
stant γ(z) is an inherent characteristic these structures.
However, it affects their angular diameter distances.
VIII. CONCLUSIONS
The study of gas mass fraction in galaxy clusters as
well its apparent evolution with redshift can be used to
constrain cosmological parameters. An important quan-
tity in this context is the depletion factor, γ(z), the ratio
by which the measured baryon fraction in galaxy clusters
is depleted with respect to the universal. Cosmological
hydrodynamical simulations where a specific flat ΛCDM
model is considered have been used to determinate it.
Very recently, Holanda et al. (2017) proposed the first
self-consistent observational constraints on the gas deple-
tion factor by using SNe Ia and X-ray gas mass fractions
observations. The sample of fgas measurements in their
analyses were taken on a (0.8− 1.2) ×r2500 shell (Mantz
et al. 2014). No time evolution for γ(z) was obtained.
In this paper, by using exclusively galaxy cluster data,
we proposed a new method to obtain γ(z) that uses two
data set of the same galaxy clusters. We considered 38
fgas and angular diameter distance measurements from
galaxy clusters where the non-isothermal spherical dou-
ble β model was used to describe them (La Roque et
al. 2006; Bonamente et al. 2006). A possible γ(z)
time evolution was parametrized by γ(z) = γ0(1 + γ1z).
Our results showed that: the γ0 value is in full agree-
ment with the most recent cosmological hydrodynami-
cal simulations (Planelles et al. 2013; Battaglia et al.
2013), however, we obtain γ1 = −0.42
+0.27
−0.23 at 1σ, indi-
cating a time evolution for the baryon depletion factor
(see Fig.2c). Since some galaxy clusters presented ques-
tionable reduced χ2 (2.43 ≤ χ2d.o.f. ≤ 41.62) when de-
scribed by the non-isothermal double β model (see Table
6 in Ref. Bonamente et al. 2006), we excluded these
data and the results still showed a non-negligible time
evolution for γ(z) (see dashed lines in Fig.2b and 2c).
However, we also considered in our analyses angular di-
ameter distances for the galaxy clusters in the La Roque
et al. (2006) sample from the flat ΛCDM model con-
strained by the current CMB observations (Ade et al.
2015) and from an angular diameter distance sample of
galaxy clusters described by an elliptical profile (De Fil-
ippis et al. 2005). For these cases, a negligible time
evolution for gas mass fraction in galaxy clusters was ob-
tained and the γ0 and γ1 values are in full agreement
with cosmological hydrodynamical simulations (see Figs.
3b, 3c, 4b and 4c). Then, the tension between the non-
isothermal double β-model and a constant γ(z) function
in La Roque et al. (2006) sample found in our analyses
may be due to spherical assumption used by Bonamente
et al. (2006) to describe the galaxy clusters. The choice
of circular rather than elliptical model affects signifi-
cantly the values for core radius (θc) and, consequently,
the angular diameter distance (DA α θ
−1
c ) (See de Filip-
pis et al. 2005). Therefore, as a general conclusion, if a
constant γ(z) is an inherent characteristic of these struc-
tures, our results showed that using the non-isothermal
double β-model did not affect the quality of the gas mass
fraction measurements in La Roque et al. Sample (2006),
but it affected their angular diameter distances.
Acknowledgments
RFLH acknowledges financial support from INCT-A
and CNPq (No. 478524/2013-7, 303734/2014-0).
[1] Ade P. A. R. et. al., 2015, A&A, 594, A13
[2] Albrecht A. et al., Dark Energy Task Force, ArXiv:
0609591, 2006
[3] Allen S.W., Schmidt R.W., Fabian A.C., 2002, Mon. Not.
R. Astron. Soc. 334, L1
[4] Allen S. W., Schmidt R. W., Ebeling H., Fabian A. C.,
Van Speybroeck L., 2004, Mon. Not. Roy. Astron. Soc.
353, 457.
[5] Allen S. W., Rapetti D. A., Schmidt R. W., Ebeling H.,
Morris G., Fabian A. C., 2008, Mon. Not. Roy. Astron.
Soc., 383, 879
[6] Allen S. W., Evrard A. E., Mantz A. B., 2011, Ann. Rev.
Astron. Astrophys., 49, 409
[7] Applegate D. E et al., 2016, MNRAS, 457, 1522
[8] Basilakos S., Plionis M., Lima J. A. S., 2010, PRD, 82,
083517
[9] Battaglia N., Bond J. R., Pfrommer C., Sievers J. L.,
2013, ApJ, 777, 123
[10] Bialek J.J., Evrard A. E., Mohr J.J., 2001, ApJ, 555, 597
[11] Bonamente M. et al., 2006, ApJ, 647, 25
[12] Bonamente M. et al., 2004, ApJ, 614, 56
[13] Carlstrom J., Holder G. P., Reese E. D., Annual Rev. of
Astron. and Astrophys., 2002, 40, 643.
[14] Cavaliere A., & Fusco-Femiano R., 1976, A&A, 49, 137.
10
1978, A&A, 70, 677
[15] Chandrachani Devi N., Alcaniz,J. S., 2014, JCAP, 06,
055
[16] Czerny B., et al., 2018, Space Science Rewiev (in press),
arXiv: 1801.00598
[17] DAgostini G. 2004 [physics/0403086]
[35] De Filippis E., Sereno M., Bautz M. W., Longo G., 2005,
ApJ, 625, 108
[19] Elbaz D., Arnaud M., & Bohringer H., 1995, A&A, 293,
337
[20] Ellis G. F. R., 2007, Gen. Rel Grav., 39, 1047
[21] Evrard A.E., 1997, MNRAS, 292, 289
[22] Etherington I. M. H., 1933, Phil. Mag, 15, 761
[23] Ettori S., Tozzi P., Rosati P., A&A, 2003, 398, 879
[24] Ettori S., et al., 2004, MNRAS, 354, 111
[25] Ettori S., Dolag K., Borgani S., Murante G., 2006, MN-
RAS, 365, 1021
[26] Ettori S. et al., 2009, A&A, 501, 61
[27] Fox D. C., & Pen U. 2002, ApJ, 574, 38
[28] Gonc¸calves R. S., Holanda R. F. L., Alcaniz J. S., 2012,
MNRAS, 420, L23
[29] Grego L., Carlstrom J. E., Reese E. D., Holder G. P.,
Holzapfel W. L., Joy M. K., Mohr J. J., & Patel S., 2001,
ApJ, 552, 2
[30] Holanda R. F. L., Lima J. A. S., Ribeiro M. B., 2011,
A&A Letter, 528, L14
[31] Holanda R. F. L., Busti V. C., Gonzalez J. E., Andrade-
Santos F., Alcaniz J. S., 2017, JCAP submitted,
arXiv:1706.07321
[32] Holanda R. F. L., Alcaniz J. S., 2015, Astroparticle
Physics, 62, 134
[33] Holanda R. F. L., Gonc¸alves R. S., Alcaniz, J. S., 2012,
JCAP, 06, 022
[34] Holanda R. F. L., Pereira S. H, J. Deepak, 2017, MNRAS,
471, 3079
[35] Henry J. P., 2000, ApJ, 534, 565
[36] Huterer D., Shafer D. L., Rep. on Prog. Phys., 2017, 81,
1
[37] Ikebe Y., Reiprich T. H., Bohringer H., Tanaka Y., Ki-
tayama T ., 2002, A& A, 383, 773
[38] Itoh N., Kohyama Y., & Nozawa S., 1998, ApJ, 502, 7-15
[39] Jing Y. P., & Suto Y. 2002, ApJ, 574, 538
[40] Jones C., & Forman W., 1984, ApJ, 276, 38. 1999. ApJ,
511, 65
[41] La Roque S. J. et al., 2006, ApJ, 652, 917
[42] Li Z., Wu P., Yu H., 2011, ApJL, 729, L14
[43] Lubini M., Sereno M., Coles J., Jetzer Ph., Saha P., 2013
MNRAS, 437, 2461
[44] Mantz A., Allen S. W., Ebeling H., Rapetti D., 2008,
MNRAS, 387, 1179
[45] Mantz A. B. et al., 2014, MNRAS, 440, 2077
[46] Meng X.-L., Zhang T.-J., Zhan H., 2012, ApJ, 745, 98
[47] Metzler C.A., Evrard A.E., 1994, ApJ, 437, 564
[48] Mohr J., Mathiesen B., & Evrard, A., 1999, ApJ, 517,
627
[49] Muanwong O., Thomas P.A., Kay S.T., Pearce F.R.,
2002, MNRAS, 336, 527
[50] Navarro J. F., Frenk C. S., & White, S. D. M. 1996, ApJ,
462, 563. 1997, ApJ, 490, 493
[51] Nozawa S., Itoh N., & Kohyama Y. 1998, ApJ, 508, 17-24
[52] Pen U., New Astronomy, 1997, 2, 309
[53] Planelles S., Borgani S., Dolag K., Ettori S., Fabjan D.,
2013, MNRAS, 431, 2
[54] Reese E. D., Carlstrom J. E., Joy M., Mohr J. J., Grego
L., Holzapfel W. L., 2002, ApJ, 581, 53
[55] Sarazin C. L., in “X-ray emission from clusters of galax-
ies” Cambridge Astrophysics Series, Cambridge Univer-
sity Press (1988).
[56] Sasaki S., PASJ, 1996, 48, L119
[57] Sembolini F. et al., 2013, MNRAS, 440, 3520
[58] Sereno M., De Filippis E.,; Longo G., Bautz W. M., 2006,
ApJ, 645, 170
[59] Sunyaev R. A., & Zeldovich Ya.B., 1972, Comments As-
trophys. Space Phys., 4, 173
[60] Young O.E., Thomas P.A., Short C.J., Pearce F., 2011,
MNRAS, 413, 691
